Abstract The study on homogeneous DBDs at atmospheric pressure has attracted much attention for their advantages in applications. Tremendous work has been conducted both experimentally and numerically at a constant applied voltage or driving frequency. However the investigation of dielectric barrier discharges is still scarce for a constant power or power density. In this work, a new computational approach for DBDs is developed to explore atmospheric DBDs at a constant power based on a one-dimensional fluid model. The frequency and gap spacing effects on the atmospheric plasmas are systematically analyzed based on computational data. The computational results show that at a constant power both the current density and the amplitude of the applied voltage decrease, whereas the current pulse width increases, with increasing frequency. The simulation also indicates that as the gap spacing is raised with a fixed power and frequency, the current density and electron density increase initially, then reach their peak values, and then decrease, which means that there are maximum values for both of them. These results are significant for many industrial applications, as they can be used to optimize plasma devices of DBDs with the consideration of power consumption.
Introduction
Dielectric barrier discharges (DBDs) at atmospheric pressure have attracted much attention because of both their ability to dispense with vacuum systems and their low cost in applications. DBDs have been widely applied to various industrial practices, such as the surface modification of polymers, etching of thin films, ozone generation and so on [1, 2] . It is well known that DBDs at atmospheric pressure operate usually in a filamentary form and can exhibit a homogenous mode, which is called the atmospheric pressure glow discharges (APGDs) [3∼5] . To examine the mechanism of APGDs in detail, tremendous studies have been done both experimentally and numerically [4, 5] . In the past decades, the so-called APGDs have been obtained in He, Ar, N 2 and other noble mixed gases, especially, in such electronegative gases as air through a specific experimental device [3] . The radical evolution of APGDs was also observed and discussed based on experimental measurements [6] . In addition, several numerical simulations by means of a one-dimensional [7∼9] or twodimensional fluid model [10, 11] have contributed to the understanding of APGDs, and the nonlinear behaviors of atmospheric DBDs have been analyzed on the basis of theoretical calculations [12, 13] and recent experiments [14] .
The frequency effects on the current amplitude, pulsed width and breakdown voltage were investigated under a given amplitude of the applied voltage, and the influences of the applied voltage on the discharge parameters were also discussed at a given frequency [7, 9, 15] . However, from the practical point of view, power consumption is always a key issue in industry applications for homogeneous atmospheric DBDs. AMANATIDES et al. [16] has studied the effect of driving frequency (13.56∼50 MHz) on the electrical characteristics and the optical properties of hydrogen discharges. AHN et al. [17] has studied the effect of driving frequency on the electron energy distribution function in capacitive discharge under constant discharge power condition. The investigation by ZHU et al. [18] shows the dependence of the electron density and the mean ion energy on the driving frequency in capacitively coupled argon plasmas at constant rf power. Moreover, the work of ZHANG et al. [19] has presented the characteristics of atmospheric radio frequency discharges with increasing frequency in helium plasmas at a fixed power density. However, the discharge characteristics of DBDs under a fixed power condition remain largely unexplored. A deep understanding of the relationship between power consumption and plasma characteristics needs to be studied to help optimize the APGDs.
In the present work, a new computational approach is adopted for calculating the frequency and gap spacing effects on the characteristics of atmospheric DBDs under a given power, based on a one-dimensional fluid model. The effects of the frequency and gap spacing on the atmospheric plasmas are systematically analyzed.
The simulated results will give more insights into the understanding of atmospheric DBDs with the consideration of power consumption.
Description of the model
The numerical simulation used for atmospheric DBDs in this work is based on a one-dimensional fluid model. To improve the computational efficiency and focus on the main discharge characteristics, pure helium is used as the plasma forming gas in the present study. For electrons, ions and neutral species produced in the process of discharges, their dynamic behaviors are described by the continuity equations
where N , J and S are the particle density, current density and the source term respectively, the subscript e, i and n indicate electrons, ions and neutral species, respectively. Within the diffusion-drift approximation the current density for charged particles is given by
where µ e is the electron mobility coefficient and µ i is the ion mobility coefficient, D e and D i denote the diffusion coefficients of electrons and ions, respectively, E g is the electric field in the gap between electrodes. For neutral species generated in the plasmas, only the diffusion term should be considered, i.e.
From Eq. (2), the conductive current density as a function of position and time in the gas gap is given by
where ΣJ i (x, t) represents the sum of all the positive current density. Poisson's equation is used to obtain the electric fields in the discharge region
where ε 0 is the vacuum permittivity, and e denotes the elementary charge.
By introducing the total current density J 0 (t) in the whole discharge region, the current balance equation can be achieved for calculating E g and it reads
The gas voltage V g can be calculated by a spatial integration of E g , represented by
where d g is the gap width. The electric fields E b in the barrier are given by
where ε r is the relative permittivity of the dielectric barrier, and the total voltage V b in two barriers obeys equation
where d s is the thickness of the barriers covered on the electrodes. Thus, the total current density obtained from Eqs. (7) and (9) is (10) where V (t) is taken as sinusoidal voltage, i.e. V (t) = V 0 sin(2πf t), then Eq. (10) can be rewritten as
where
It should be noted that once the breakdown is ignited in DBDs, the conduction current plays a dominative role in the total current density. Thus, when the discharge current pulse occurs, the total current density can be given approximately by [9] 
The applied voltage in sinusoidal form is usually used to explore the characteristics of DBDs, and in particular, the discharge evolution has been obtained for a fixed amplitude or frequency of the applied voltage [7, 9, 15] . However, a main concern of DBDs in their many applications is their power consumption [1, 3] , and this requires a deep understanding of the discharge evolution at a constant input power.
For APGDs, the power P consumed in a whole cycle is calculated through
where T is the period of the applied voltage, T 1 and T 2 represent the moment when the discharge is ignited and extinguished, respectively. A computational approach has been developed for exploring the characteristics of the evolution of atmospheric radio-frequency discharges under a constant power. A detailed description of this approach can be found elsewhere [20] . In the present work, this approach is applied to the studies of DBDs.
Under a given power P 0 , to obtain the corresponding applied voltage at this power the following formula should be used
where λ is a small constant which is used to adjust the approaching speed. When a calculated power P (n) is very close to the given power P 0 , namely,
where ε is a very small value to control the computational accuracy. When Eq. (16) is satisfied, the approach process ends and P (n) will be used as P 0 and V (n) 0 is the amplitude of the applied voltage which was imposed on the electrodes to deliver the given power P 0 to the generated plasma.
It should be pointed out that this approach has been adopted in the study of radio frequency discharges [19] . In order to examine the reliability of this approach when applied to the DBDs, with a constant power of 0.5 W/cm 2 and a frequency of 20 kHz, the discharge current densities in the DBDs have been calculated and compared with those obtained by the traditional method [12] , as shown in Fig. 1 . It can be seen from Fig. 1 that there is a very small difference between the two results of current densities. In particular, the maximum current density of 15.3 mA/cm 2 is obtained using the present method and that obtained from the traditional method is 15.02 mA/cm 2 . According to the above comparisons, it can be concluded that the present method is suitable for the studies of DBDs under a constant power. In the present work, the continuous sinusoidal voltage is used as the applied voltage, the thickness of the dielectric barrier with a permittivity of 7.5 is 1 mm. In addition, the secondary electron emission coefficient in the range of 0.01∼0.2 can affect the peak value of the discharge current [21] , and thus a secondary electron emission coefficient of 0.03 is empirically chosen in the present simulation. To improve the computational efficiency, the electron temperature is assumed to be a constant of 2 eV, and the electron energy equation is not solved, because only very slight change of electron temperature can be observed in atmospheric uniform DBDs. The species and reactions in pure helium used in this simulation are mainly taken from Refs. [7, 9, 22] . It should be pointed out that in this study only the occurrence of a single current pulse in a half period of the applied voltage is considered.
Results and discussions
Based on the above model and the parameters at the gap spacing of 5 mm, the atmospheric DBDs have been simulated for a constant power of 0.5 W/cm 2 . Fig. 2 shows the dependence of both current density and voltage amplitude on the frequency of the applied voltage (hereafter, called the frequency). It is clear from Fig. 2 that increasing the frequency from 20 kHz to 38 kHz the current density decreases from 15.3 mA/cm 2 to 7.0 mA/cm 2 by a factor of 2.19, and the voltage amplitude reduces from 2755 V to 1630 V by a factor of 1.69. However the experimental study and previous computational studies showed that the current density increased with the frequency at a given voltage amplitude, and in the meanwhile the current pulse width decreased [15] . In addition, due to the decrease in the applied voltage, the breakdown took place later in a half cycle at a higher frequency. Given the reduction in the amplitude of the applied voltage and current density by increasing the frequency, the ignition should last for a relatively long time to keep a constant power coupled to the generated plasmas in the discharge region, as suggested by Eq. (13) . Fig. 3 displays the current pulse width as a function of the frequency. The current pulse width increases from 0.78 µs to 1.21 µs by a factor of 1.55, while the frequency increases from 20 kHz to 38 kHz. This shows that a large current pulse width can be obtained with the use of a high frequency. For the application of the surface modification of materials, it is desirable to produce a large current pulse width in the atmospheric DBDs because a large width of the current pulse means it is longer lasting, and thus the generated plasmas in the gap can be sustained not only for a relatively long time but also with higher stability, lowering the risk to form a filamentary DBDs and being beneficial to the interaction between plasmas and barrier surfaces. Although the forming plasmas can be sustained longer in the gas gap, the maximum electron density and the surface charges on the barriers are found to decrease with increasing frequency due to the reduction of the amplitude of current pulse, as shown in Fig. 4 . Given the reduction in current density, which is mainly contributed by conduction current density, the surface charges accumulated on the barrier surfaces decrease, which suggests that the ability of the active species produced in APGDs to interact with the dielectric surfaces is reduced. Fig.4 Max electron density and surface charge as a function of frequency at a constant power of 0.5 W/cm 2 For a better understanding of the variation of electron density, the spatial distributions of the electron density at the instant when the current density gets to the peak value driven by four different frequencies are given in Fig. 5 . For a lower frequency a higher electron density can be observed both in the sheath region and in the plasma bulk with the peak value located in the sheath. Consequently, under a constant power condition, increasing the excitation frequency effectively enhances the discharge stability with a larger pulse width, however, the production of plasma species decreases with reduced electric fields in the discharge region, resulting in lower surface changes on the barrier, which will influence the interactions between atmospheric plasmas and samples on the barriers or electrodes. Fig.5 Spatial distribution of electron density at the moment when the current density gets to the peak value for different frequencies at a constant power of 0.5 W/cm 2 (color online)
On the other hand, under a fixed power condition, how to choose an appropriate gas spacing to produce a high plasma density is still not very clear, though it is not easy to keep the plasmas homogenous while the electrode gap is altered. In engineering applications how to reduce the power consumption is a crucial problem, especially in the design of a plasma source. To further and accurately explore the gap effects on the characteristics of the atmospheric DBDs under a constant power, the calculated current density and the amplitude of the applied voltage as a function of the gap spacing are plotted in Fig. 6 at a given power of 0.3 W/cm 2 and with a frequency of 30 kHz. The gap spacing is changed from 0.22 cm to 0.44 cm, and only one current pulse occurs in each half period of the applied voltage. From Fig. 6 , the current density increases initially for the gap from 0.22 cm to 0.28 cm, then decreases for the gap larger than 0.28 cm, and the current density peaks at 0.28 cm with a value of 12.7 mA/cm 2 . Meanwhile the minimum amplitude of the applied voltage occurs at a gap spacing of about 0.38 cm with a value of nearly 1420 V, then increases for a gap larger than 0.38 cm. From these, it is shown that under a constant power both the current density and the amplitude of the applied voltage are no longer monotonically dependent on the gap spacing, which is different from the variation of discharge characteristics under a fixed voltage condition [15] . Fig. 7 gives the current pulse width versus the gap spacing. As shown in Fig. 7 , the variation of the current pulse width with the gap spacing is opposite to the variation of the current density presented in Fig. 6 , and the current pulse width takes a minimum value of 0.6 µs at the gap spacing of 0.28 cm. To gain a deep insight into the underpinning physics governing the DBDs while increasing the gap spacing under a constant power, the variations of electron density and surface charges versus the gap spacing are shown in Fig. 8. From Fig. 8 , the largest electron density of the value of 1.32×10 11 cm −3 is found at a gap spacing of 0.28 cm, then the electron density decreases to 0.48×10 11 cm −3 at 0.44 cm, which indicates that at about 0.28 cm more electrons can be generated in the gas gap at a constant power of 0.3 W/cm 2 . Also, the surface charges decrease monotonically from 5×10 −9 C/cm −2 to 3.9×10 −9 C/cm −2 by a factor of 1.28 with the increase of the gas spacing. From these findings, it can be concluded that under a constant power, there is an optimal gap at which the maximum of both current density and electron density can be obtained.
The spatial distribution of the electron density, as seen from Fig. 9 , at the moment when the discharge current density gets to the peak, also confirms the existence of an optimal gap, and the largest electron densities both in the sheath and in the plasma bulk occur at the distance of 0.28 cm, at which a larger electron density could be obtained though the power coupled to the plasmas is fixed. The existence of an optimum electrode gap should be very important to the optimization of generated atmospheric plasmas at a constant power. 
Summary
In summary, power consumption is always a main concern in industrial applications of DBDs. In this work the influences of frequency and gap spacing on the characteristics of the atmospheric DBDs under a constant power are explored by means of a computational approach based on a one-dimensional fluid model, and the following characteristics have been revealed for the atmospheric DBDs.
Under a constant power and by increasing the frequency of the applied voltage, both the discharge current and the amplitude of the applied voltage decrease at a fixed power, whereas the current pulse width rises, which indicates that the generated plasmas can be sustained in the gap for a relatively long interval. If the power coupled into the plasmas is fixed while the gap spacing is altered, the discharge current density and the amplitude of the applied voltage are not monotonically dependent on the gap distance, and an optimal gap can be observed, at which the largest electron density and current density can be generated, but with the narrowest current pulse width. This work presents useful information for the optimization of DBDs with the consideration of power consumption for particular applications.
